While learning to fear stimuli that predict danger promotes survival, the inability to inhibit fear to inappropriate cues leads to a pernicious cycle of avoidance behaviors. Previous studies have revealed large inter-individual variations in fear responding with clinically anxious humans exhibiting a tendency to generalize learned fear to safe stimuli or situations. To shed light on the origin of these inter-individual variations, we subjected rats to a differential auditory fear conditioning paradigm in which one conditioned auditory stimulus (CSϩ) was paired to footshocks whereas a second (CSϪ) was not. We compared the behavior of rats that received pretraining excitotoxic lesions of the bed nucleus of the stria terminalis (BNST) to that of sham rats. Sham rats exhibit a continuum of anxious/fearful behaviors. At one end of the continuum were rats that displayed a poor ability to discriminate between the CSϩ and CSϪ, high contextual freezing, and an anxiety-like trait in the elevated plus maze (EPM). At the other end were rats that display less fear generalization to the CSϪ, lower freezing to context, and a nonanxious trait in the EPM. Although BNST-lesioned rats acquired similarly high levels of conditioned fear to the CSϩ, they froze less than sham rats to the CSϪ. In fact, BNST-lesioned rats behaved like sham rats with high discriminative abilities in that they exhibited low contextual fear and a nonanxious phenotype in the EPM. Overall, this suggests that inter-individual variations in fear generalization and anxiety phenotype are determined by BNST influences on the amygdala and/or its targets.
Introduction
The neural substrates of Pavlovian fear conditioning continue to attract much interest, in part because human subjects with anxiety disorders exhibit abnormalities in conditioned fear (Grillon, 2002; Milad et al., 2008; Lissek et al., 2009) . While it remains controversial whether anxiety disorders represent pathological manifestations of normal fear-learning mechanisms (McNally, 2002; Mineka and Ohman, 2002; Poulton and Menzies, 2002; Mineka and Oehlberg, 2008) , there is consensus that the structures normally involved in such learning display abnormal activity patterns in anxious subjects (Shin et al., 2006; Bremner et al., 2008) . Thus, understanding the neural alterations underlying inter-individual variations in conditioned fear may yield fundamental insights into the causes of anxiety disorders.
Rodent studies have documented intersubject heterogeneity in the acquisition and extinction of conditioned fear responses. In some instances, these variations were seen between subjects of the same strain (Milad and Quirk, 2002; Burgos-Robles et al., 2007) . In other cases, they emerged after selective breeding for particular behavioral properties (Brush et al., 1999) or manifested themselves in different strains of rats or mice (Cohen et al., 2006; Hefner et al., 2008) . In the present study, we focused on Lewis rats, an inbred strain that displays marked interindividual variations in contextual and cued fear conditioning. To probe the neural origins of these variations, we used a fear conditioning task that allowed us to simultaneously assess the influence of two components of the brain circuitry regulating fear and anxiety: the amygdala and bed nucleus of the stria terminalis (BNST).
Indeed, previous behavioral studies have revealed that the amygdala plays a critical role in the acquisition and immediate expression of conditioned fear responses to discrete sensory cues Davis, 1987, 1991; LeDoux et al., 1988; Kim et al., 1993; Campeau and Davis, 1995; Wilensky et al., 2006) , behaviors that are not affected by BNST lesions (LeDoux et al., 1988; Walker and Davis, 1997; Gewirtz et al., 1998; Sullivan et al., 2004) . Instead, BNST lesions were reported to prevent the development of longer "anxiety-like" states in response to more diffuse environmental contingencies (for review, see Walker et al., 2003) . Yet, there are strong reciprocal connections between these two structures (Krettek and Price, 1978b; Price and Amaral, 1981; Sun and Cassell, 1993; Veinante and Freund-Mercier, 2003; Dong et al., 2001; Dong and Swanson, 2006a,b,c) , suggesting that their interactions determine behavioral output.
Reasoning that BNST influence might not manifest itself in the magnitude of conditioned fear responses to cues but in more subtle measures, such as stimulus specificity and modulation by context, the present study examined inter-individual variations along these dimensions and probed the impact of BNST lesions. Overall, our results suggest that BNST influences over the amygdala and/or its targets shape inter-individual variations in the expression of fear and anxiety.
Materials and Methods
Subjects. In the present study, we used Lewis rats because a pilot experiment involving the same protocol as described below revealed much more inter-individual heterogeneity in this inbred strain than in the more commonly used Sprague Dawley rats. Lewis rats (adult males, Charles River Laboratories) were housed individually with ad libitum access to food and water and maintained on a 12 h light/dark cycle. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Rutgers University Animal Care and Use Committee.
Surgery. Rats were anesthetized with a mixture of isoflurane and oxygen and were administered atropine methyl nitrate to reduce secretions and aid breathing. In aseptic conditions, rats were mounted in a stereotaxic apparatus with nonpuncture ear bars. Betadine was applied to the scalp, and a local anesthetic (bupivacaine, s.c.) was injected in the region to be incised. Ten minutes later, the scalp was incised, and small burr holes were made in the skull above the BNST. Bilateral BNST lesions were made by injecting 0.6 l (per side) of ibotenic acid (Sigma) dissolved in artificial CSF (6 g/l). This total volume was stereotaxically (Paxinos and Watson, 1998) infused at two different anteroposterior levels of the BNST (0.3 l at each site). Injections were made at a rate of 0.1 l/min with a Hamilton microsyringe. After the injection, the wound was sutured and a local antibiotic applied. Rats were given at least 1 week to recover before the beginning of behavioral procedures.
Differential fear conditioning paradigm. Fear conditioning and recall testing occurred in different contexts (contexts A and B). For fear conditioning (context A), rats were placed in a rodent conditioning chamber with a metal grid floor (Coulbourn Instruments) that was enclosed within a sound attenuating chamber. The chamber was dimly illuminated by a single house light. For testing recall, the chamber contained a black Plexiglas floor washed with peppermint soap (context B). Figure  1 A summarizes the paradigm. On day 0, rats were habituated to contexts A and B for 20 min each in a counterbalanced manner. This was followed by tone habituation sessions in each context in which rats received five presentations of two different auditory stimuli (white noise or 2 kHz, 80 dB, 30 s duration) in a counterbalanced manner and random order. On day 1, rats were placed in context A and subjected to a differential fear conditioning paradigm in which one of the two auditory stimuli listed above served as conditioned stimulus (CSϩ) because it was paired to a footshock, whereas the second conditioned stimulus (CSϪ) was not. During fear conditioning, the animals received 5 CSϩ and 5 CSϪ in a random order. The CSϩ coterminated with a footshock unconditioned stimulus (0.5 mA, 1 s). On day 2, rats were placed in context A for 10 min to test for contextual fear memory. On day 3, in context B, recall was tested with additional presentations of the CSϩ and CSϪ. Behavior was recorded by a video camera and scored offline by an experienced observer blind to the rats' identity. Time spent freezing (immobility, with the exception of breathing) was measured during the context or CS presentations for each rat. Two days after the recall test, rats were placed in an elevated plus maze for 5 min to assess anxiety levels. The time spent in the center and on the open and closed arms was then scored offline.
Histology. At the end of behavioral experiments, the animals were given an overdose of pentobarbital (100 mg ⅐ kg Ϫ1 , i.p.) and perfused transcardially with 0.9% saline, followed by paraformaldehyde (4%). The brains were then removed, stored in paraformaldehyde (4%), sectioned at a thickness of 100 m, and processed to reveal NeuN immunoreactivity as previously described (Koo et al., 2004) . Lesion extent was verified by reconstructing the damage on stereotaxic atlas templates (Paxinos and Watson, 1998) . Acceptable lesions included bilateral damage of the BNST throughout most of its extent with minor damage of surrounding areas.
Results
The experimental paradigm used in the present study is shown in Figure 1 A. Lewis rats received vehicle (n ϭ 28) or ibotenic acid infusions (n ϭ 40) aimed to the BNST and were allowed to recover for 1 week. BNST-lesioned and sham rats then underwent the same protocol in parallel. After habituation (Fig. 1 A, day 0) , they were subjected to a differential fear conditioning paradigm ( Fig. 1 A, day 1 ) in which one of two tones (CSϩ) was paired to a footshock whereas a second tone (CSϪ) was not. On day 2, freezing to the context was assessed. Recall of cued fear was tested on day 3 in a different context. Two days after the recall test, anxiety levels were assessed using an elevated plus maze (EPM). At the conclusion of the experiments, the animals were perfused-fixed, their brains sectioned, and the sections processed to reveal NeuN immunoreactivity (Fig. 1 B) to assess the location and specificity of the lesions. On this basis, we restricted our attention to the behavior of a subset of 18 animals that had extensive and selective BNST lesions. See supplemental Figure 1 (available at www.jneurosci.org as supplemental material) for the extent of the largest and smallest BNST lesions included in this study.
Figures 1 and 2 illustrate in parallel the results obtained in sham (black lines and symbols) and BNST-lesioned (red lines and symbols) rats. Filled and empty circles represent freezing to the CSϩ and CSϪ, respectively. Diamonds represent contextual freezing in the absence of CS. To facilitate explanation of the data, we first describe the results obtained in sham rats and then contrast their behavior to that of BNST-lesioned animals.
Sham rats exhibited normal acquisition of conditioned fear responses to the CSϩ (day 1), significant freezing to the training context (day 2), and excellent fear recall (day 3) (Fig. 1C1 ). Although they exhibited poor discrimination between the CSϩ and CSϪ during conditioning and recall, freezing to the CSϪ was significantly lower than to the CSϩ during recall (t test, first CSϩ vs CSϪ, p ϭ 0.001). However, there was considerable interindividual heterogeneity in fear responding among sham rats, particularly during recall (Fig. 2 A, black) . Although all sham rats exhibited high freezing in response to the CSϩ, freezing to the CSϪ was widely distributed, with some animals freezing as much to the CSϪ as to the CSϩ, and others freezing much less to the CSϪ. Thus, although the collective behavior of sham rats indicates poor discrimination between the CSϩ and CSϪ, inter-individual variations suggest a more complex situation in which some subjects exhibit good discrimination between the two CSs, whereas others generalize fear to the safe tone (CSϪ).
Next, we determined whether the varying aptitude to discriminate between the two CSs seen in sham rats was associated with other behavioral properties. To this end, we computed a frequency distribution of the difference in freezing to the first CSϩ and CSϪ of the recall test, hereafter termed discrimination score (DS), operationally defined as a measure of discriminative ability. The ability to discriminate between the two CSs was not distributed normally among sham rats, the frequency distribution being highly skewed to the right (Fig. 2 B, black) . On the basis of this distribution, we used a cutoff of 30% difference in discrimination score to distinguish sham rats with low versus high discriminative abilities.
No difference in the amount of freezing to the CSϩ was found between the two subsets of sham rats during recall (Fig. 2C ) ( p Ͼ 0.05; t test comparing freezing to the first CSϩ). In contrast, sham rats with a high discrimination score exhibited significantly less freezing to the training context (Fig. 2C , Ctx) (24.0 Ϯ 4.4%) than poor discriminators (45.1 Ϯ 5.4%, p ϭ 0.03). In keeping with this, discrimination score and context freezing were inversely correlated among sham rats (Fig. 2 D) (r ϭ Ϫ0.49, p Ͻ 0.05). Moreover, poor discriminators spent significantly more time in the closed arms of the EPM than sham rats with good discriminative abilities (Fig. 2C, EPM) (t test, p ϭ 0.03), these two variables being inversely correlated (Fig. 2 E) (r ϭ Ϫ0.54, p Ͻ 0.05).
Thus, the above analysis suggests that sham rats exhibit a continuum of anxious/fearful behaviors where different measures of fear and anxiety tend to covary. At one pole of the distribution are rats that display poor discriminative abilities, high contextual freezing, and a marked anxiety-like trait in the EPM. At the other pole are rats that display less fear generalization to the CSϪ, lower freezing to context, and a nonanxious trait on the EPM. See supplemental Figure 2 (available at www.jneurosci.org as supplemental material) for examples.
Insights into BNST contributions to these inter-individual variations can be gained by comparing the behavior of sham versus BNST-lesioned rats. Since the ability to discriminate between the CSϩ and CSϪ during recall was most predictive of fearful/anxious behavior in sham rats, we first compare the two groups along this dimension. Discrimination ability during the recall test was drastically higher in rats with BNST lesions (Figs.  1C2, 2A , red) than in sham rats (Figs. 1C1, 2A, black) . Indeed, 17 of 18 BNST-lesioned animals had a DS Ͼ30% (Fig. 2 B) . The differing proportion of rats with low or high DSs in sham versus BNST-lesioned rats was significant (Fisher exact test, p ϭ 0.00006). So were the average DSs of sham (21.7 Ϯ 4.9%) and BNST-lesioned rats (53.7 Ϯ 3.9%; t test, p ϭ 0.00004). This difference was due to decreased freezing to the CSϪ since behavior during the CSϩ did not differ between the two groups ( Fig. 2C ) (t test, p ϭ 0.52).
Since discriminative ability was predictive of anxious/fearful behavior in the sham animals, we next examined whether BNSTlesioned animals behaved like sham rats with high DSs (Fig. 2C) . In keeping with this, BNST-lesioned rats were statistically indistinguishable from sham rats with high discriminative abilities in the amount of contextual freezing they displayed (Fig. 2C ) (t test, p ϭ 0.14) and time spent in the closed arms of the EPM (t test, p ϭ 0.45). The marked reduction in contextual freezing seen in rats with BNST lesions is consistent with previous reports (Sullivan et al., 2004; Resstel et al., 2008) .
Discussion
The present study was undertaken to shed light on the origin of inter-individual variations in fear an anxiety. By comparing the behavior of sham versus BNST lesioned rats in a differential fear conditioning paradigm, we obtained evidence that interindividual variations in the expression of fear and anxiety are determined, at least in part, by BNST influences over its targets. In the following account, we consider the significance of these observations in light of earlier physiological and behavioral findings about the role of the amygdala and BNST.
Dissociation between BNST and amygdala functions despite similar connectivity Previous behavioral studies have emphasized the contrasting roles of the BNST and central amygdala (CEA) in fear and anxiety (for review, see Walker et al., 2003) . Lesion, stimulation, and pharmacobehavioral studies (for review, see Davis, 2000) suggest that CEA is the main output station of the amygdala for the rapid generation of brief conditioned fear responses to discrete sensory cues (however see Koo et al., 2004) . These fear responses are mediated by divergent CEA projections to an array of hypothalamic and brainstem structures, such as the periaqueductal gray for freezing (Hopkins and Holstege, 1978; LeDoux et al., 1988) . BNST lesions, however, do not disrupt conditioned fear to cues but contextual fear (LeDoux et al., 1988; Walker and Davis, 1997; Gewirtz et al., 1998; Sullivan et al., 2004) . In fact, the available data suggests that BNST mediates slowly developing and longlasting responses to diffuse threats (for review, see Walker et al., 2003) .
The contrasting role of CEA and BNST in fear and anxiety is puzzling because these two structures exhibit a similar connectivity. For instance, they both receive excitatory inputs from the basolateral amygdala (Krettek and Price, 1978a,b; Sun and Cassell, 1993; Dong et al., 2001) , the two are reciprocally connected, and their brainstem projections overlap extensively (Hopkins and Holstege, 1978; Price and Amaral, 1981; Dong et al., 2000; Swanson, 2004, 2006a,b,c) . Moreover, a recent physiological study revealed that the conduction time of BNST and CEA neurons allows for a synchronization of their brainstem outputs (Nagy and Paré, 2008) .
Although consistent with previous lesion studies, the present report indicates that CEA and BNST functions are not entirely independent after all. Indeed, while BNST lesions did not affect the magnitude of conditioned fear responses to the CSϩ, they decreased inappropriate fear responding to the CSϪ. This finding suggests that even though BNST activity is not required for the generation of conditioned fear to cues, it determines its selectivity.
Inter-individual variations in fear and anxiety
There was marked inter-individual heterogeneity in the amount of fear and anxiety displayed by Lewis rats. Interestingly, different measures of fear and anxiety correlated with each other and with the ability to discriminate between the two CSs. Indeed, rats that exhibited high discriminative abilities tended to show low contextual fear and spent little time in the closed arms of the EPM. Conversely, rats that showed poor discriminative abilities displayed high levels of contextual fear and an anxious phenotype in the EPM. Remarkably, following BNST lesions, the anxious EPM phenotype was abolished, contextual fear was reduced, and the vast majority of rats exhibited high discriminative abilities.
These observations indicate that the poor discriminative abilities seen in a subset of sham Lewis rats are not due to a basic sensory deficit in differentiating between the two CSs. Rather, this suggests that at a subsequent processing step, probably downstream of auditory thalamocortical regions, the pattern of activity evoked by the two CSs fails to diverge in rats with the anxious/fearful phenotype. Currently, there is insufficient information to pinpoint where this occurs. However, the fact that BNST lesions restored the CS specificity of fear responding suggests that BNST and some of its outputs are involved.
This latter view is supported by a recent primate study in which individual variations in anxious temperament were predicted by presynaptic serotonin reuptake transporter binding and glucose uptake in the BNST. Thus, it is likely that in subjects with the anxious/fearful phenotype, BNST neurons have higher baseline and/or sensorydriven levels of activity. These findings suggest that pharmaco-
